ABSTRACT The fatty acid composition of chicken muscle may affect the lipid oxidation stability of the meat, particularly when subjecting the meat to thermal processing and storage. The objective of this study was to evaluate the diet effect on lipid oxidation stability of fresh and cooked chicken meat. Six hundred broilers were raised for a 6-wk feeding period and were assigned to 8 treatments with 3 repetitions. Broilers were fed a basal corn-soybean meal diet, including 5% of either animal-vegetable, lard, palm kernel, or soybean (SB) oil, each supplemented with a low (33 mg/kg) or high (200 to 400 mg/kg) level of vitamin E. Fresh breast and thigh meat and skin were packaged and refrigerated (4°C) for 15 d. Breast and thigh meat were frozen (−20°C) and stored for ~6 mo and then thawed, deboned, ground, and formed into patties of 150 g each. Patties were cooked (74°C), cooled, packaged, and stored in refrigeration for 6 d. The lipid oxidation development of the products was determined using the TBA reactive substances analysis. The results showed that the lipid oxidation development, in both fresh chicken parts and cooked meat patties, was influenced by the interaction of either dietary lipid source or vitamin E level with storage time. Fresh breast meat showed no susceptibility to lipid oxidation, but thigh meat and skin presented higher (P < 0.05) malonaldehyde values in the SB oil treatment, starting at d 10 of storage. In cooked patties, during the entire storage time, the SB oil showed the highest (P < 0.05) lipid oxidation development compared with the other treatments. Regarding vitamin E, in both fresh parts and cooked meat patties, in most sampling days the high supplemented level showed lower (P < 0.05) malonaldehyde values than the control treatment. In conclusion, the lipid oxidation stability of chicken meat is influenced by the lipid source and vitamin E level included in the diet upon storage time and processing of the meat.
reactive substances analysis. The results showed that the lipid oxidation development, in both fresh chicken parts and cooked meat patties, was influenced by the interaction of either dietary lipid source or vitamin E level with storage time. Fresh breast meat showed no susceptibility to lipid oxidation, but thigh meat and skin presented higher (P < 0.05) malonaldehyde values in the SB oil treatment, starting at d 10 of storage. In cooked patties, during the entire storage time, the SB oil showed the highest (P < 0.05) lipid oxidation development compared with the other treatments. Regarding vitamin E, in both fresh parts and cooked meat patties, in most sampling days the high supplemented level showed lower (P < 0.05) malonaldehyde values than the control treatment. In conclusion, the lipid oxidation stability of chicken meat is influenced by the lipid source and vitamin E level included in the diet upon storage time and processing of the meat.
Dietary lipid source and vitamin E effect on lipid oxidation stability of refrigerated fresh and cooked chicken meat
C. Narciso-Gaytán ,* 1 D. Shin , † A. R. Sams , ‡ J. T. Keeton , § R. K. Miller , § S. B. Smith , § and M. X. Sánchez-Plata #
INTRODUCTION
In the poultry industry, the highest market segment is mainly composed of further processed meat products. This segment includes products that have been subjected to some degree of cooking or preparation that adds convenience to consumers. Also, there is a growing demand for food products with enhanced amounts of unsaturated fatty acids, a trend that is currently influencing the production of poultry meat and processed meat products. However, subjecting the meat to further processing steps, particularly when it contains relatively high amounts of unsaturated fatty acids, may result in rapid lipid oxidation with development of offodors, off-flavors, and warmed-over flavors that affect the nutritive value, sensory characteristics, and quality of the meat (Igene and Pearson, 1979; Igene et al., 1985; Barroeta, 2007) .
In raw chicken meat, lipid oxidation development is known to be minimal (Bartov and Frigg, 1992) and considered of little practical relevance because bacterial spoilage appears earlier than noticeable oxidation by-products. However, several studies have indicated that in raw meat lipid peroxidation could develop during storage time induced by enzymatic (Lin and Hultin 1976; Asghar et al., 1988) and inorganic iron activity (Kanner et al., 1988a) . Because unsaturated fatty acids are susceptible to undergo lipid oxidation (Dahle et al., 1962) , it is likely that their enrichment in the meat lipid composition may result in higher susceptibility to lipid oxidation, particularly when the meat is under prolonged storage and commercial display. In contrast, lipid oxidation development has been found to occur rather rapidly in thermally processed chicken meat, influenced by further processing steps such as grinding and cooking (Rhee et al., 1996) , which disrupt the meat compartmentalization and release higher amounts of nonheme iron. Free iron has strong catalytic activity that promotes lipid peroxidation in meat (Kanner et al., 1988a) .
One of the alternatives to prevent the lipid oxidation development in chicken meat has been through dietary supplementation of vitamin E in the broilers' diets, a practice that increases the muscle α-tocopherol content (Bartov and Frigg, 1992; Lauridsen et al., 1997; Morrissey et al., 1998; Bou et al., 2001) . α-Tocopherol is considered the most biologically active antioxidant form of vitamin E, which functions as a free-radical scavenger inhibiting the propagation of the lipid oxidation chain reaction (Burton and Traber, 1990; Jensen et al., 1998) . Dietary α-tocopherol is deposited in muscle cell membranes (Asghar et al., 1990) where it protects phospholipids from free-radical attack. In muscle foods, phospholipids are the primary target for the initiation and propagation of the lipid oxidation (Gray et al., 1996; Wagner et al., 1996) . The degree of lipid oxidation in muscle foods can be analyzed by estimating the development of malonaldehyde (MDA) values. Malonaldehyde is a group of secondary by-products derived from the degradation of fatty acids, formed by the reaction of aldehydes and ketones with TBA that can be quantified by spectrophotometry (Guillen-Sans and Guzman-Chozas, 1998) .
The objectives of the present study were to analyze the dietary fat [animal-vegetable blend (AV), lard (LA), palm kernel (PK), and soybean (SB) oil] and vitamin E supplementation level effects on the lipid oxidation stability of commercially processed and traypacked fresh chicken parts and minced-cooked breast and thigh meat after subjection to prolonged refrigerated storage.
MATERIALS AND METHODS
Six hundred Cobb × Ross broilers were raised during a 6-wk feeding period at the Poultry Science Center at Texas A&M University. The birds were randomly assigned into 8 different treatments and 3 separate replications containing 25 broilers each. Broilers were fed with a pelleted basal corn-soybean meal diet that included 5% of either AV, LA, PK, or SB oil as a lipid source. Each oil-type diet was supplemented with a low (33 mg/kg) and a high (200 to 400 mg/kg) level of vitamin E, in the form of dl-α-tocopheryl acetate (Rovimix E 50% Absorbate, DSM Nutritional Products Inc., Parsippany, NJ; Table 1) . For the high level of vitamin E, 200 mg/kg was included in the diet from wk 1 to 3, and 400 mg/kg was included from wk 4 to 6. The low level of vitamin E was supplemented in the feed during the 6-wk growout period.
At the end of the feeding period, broilers were slaughtered under simulated commercial conditions at the Poultry Science Center pilot processing plant. Breast and thigh meat and skin samples were collected to evaluate their lipid oxidation stability as fresh or cooked chicken meat patties.
Fresh Chicken Meat Parts
For the evaluation of fresh chicken meat samples, 3 half breasts, bone-in thighs, and skin pieces from different carcasses, within each repetition, were randomly selected, packaged on extruded polystyrene foam trays, and wrapped with food-grade packaging film (SSD-330, Cryovac Co., Duncan, SC). Tray packages were stored in refrigeration, in aerobic conditions at ~4.0°C. The meat and skin samples were subjected to ~1,100 lm of direct fluorescent light exposure to simulate commercial retail display conditions. Samples were stored in refrigerated conditions for 0, 5, 10, and 15 d. The lipid oxidation stability of each chicken part, breast and thigh meat, and skin was evaluated at each storage day, using the TBA reactive substances (TBARS) analysis.
Cooked Chicken Meat Patties
From slaughtering day, breast and thigh muscle pieces were kept frozen at −20°C until used to prepare cooked patties. Muscle pieces were allowed to thaw for at least 24 h at 4°C before manually deboning and trimming of connective and adipose tissue. Meat samples were ground twice through 1.27-and 0.64-cm plates in a commercial meat grinder (model 4612, Hobart Corp., Troy, OH) and homogenized manually in refrigerated conditions. Patties of 150 g each were hand-molded and cooked to an internal temperature of 74°C in a convection oven (model DN097, Hobart Corp.). The internal temperature of the patties was monitored with a wire thermocouple connected to an Omega Type-T thermometer (model HH501BT, Omega Engineering Inc., Stamford, CT). After cooking, the patties were cooled and placed on extruded polystyrene foam trays, wrapped with packaging film, and held under refrigerated conditions for 0, 1, 3, and 6 d of storage. The TBARS analysis was conducted at each storage day.
TBARS
The TBARS analysis was conducted to determine the lipid oxidation stability of fresh and cooked chicken meat (Rhee, 1978) . In duplicate, 30 g of meat samples was homogenized using a laboratory blender with the addition of EDTA-propyl gallate (Sigma-Aldrich Inc. St. Louis, MO) to prevent further lipid oxidation of the meat. Fifty milliliters of MDA was extracted by distillation and a 5-mL aliquot was added to 5 mL of TBA (Sigma-Aldrich Inc.) solution, followed by boiling in a water bath for 35 min. Samples were cooled for up to 10 min and then read using a spectrophotometer (Cary 300 Bio UV-Visible Spectrophotometer, Varian Inc., Walnut Creek, CA) at a wavelength of 530 nm by the use of 1.5-mL UV-Visible light cuvettes (VWR International, Cornelius, OR). Spectrophotometer values of MDA were adjusted by a correction factor (7.8) to calculate milligrams per kilogram of muscle (Tarladgis et al., 1960) .
Fatty Acid Composition of Chicken Muscle
Dietary fats (Table 2 ) and chicken muscle total lipid contents were extracted with methanol:chloroform. Fatty acid methyl esters analyses were quantified by gas chromatography using a gas chromatograph (model CP-3800, Varian Inc.) fixed with a CP-8200 autosampler following the procedure established by Smith et al. (2002) .
Statistical Analysis
A completely randomized design with a 3-factorial arrangement, including dietary lipid source (AV, PK, LA, and SB), vitamin E (33 and 200 to 400 mg/kg), and storage day, for fresh chicken parts (0, 5, 10, and 15 d) and cooked chicken meat patties (0, 1, 3, and 6 d), was used considering first-order interactions. The statistical analyses of data were performed using the GLM procedure of SAS (SAS Institute, 2000) and least squares means were separated by pairwise comparison.
RESULTS

Fatty Acid Composition
The fatty acid composition from breast and thigh muscle tissues is summarized in Tables 3 and 4 . The dietary lipid source significantly (P < 0.01) affected the type and proportion of fatty acids deposited in both breast and thigh muscle tissues. Palm kernel oil induced the deposition of lauric acid (C12:0) and increased the proportion of myristic acid (C14:0), increasing the proportion of saturated fatty acids (SFA), compared with the other treatments. On the contrary, SB oil significantly increased the deposition of linoleic (C18:2) and linolenic (C18:3) acids, increasing the overall deposition of polyunsaturated fatty acids (PUFA). The AV and LA treatments increased the overall content of monounsaturated fatty acids (MUFA) compared with the PK and SB oil treatment. In general, SB oil induced the highest PUFA:SFA ratio in both types of chicken muscle, breast and thigh, whereas PK oil had the lowest the PUFA:SFA ratio, only in thigh muscle. In both chicken muscle types, arachidonic (C20:4) fatty acid was not affected by any of the dietary lipid sources; a similar observation was detected in stearic (C18:0) fatty acid but only in thigh muscle. Vitamin E supplementation level did not have an effect on the deposition of fatty acids and no interaction between dietary lipid source and vitamin E level was detected in any of the fatty acids identified (P > 0.05; data not reported).
Lipid Oxidation Stability of Chicken Meat
The lipid oxidation stability of all fresh chicken parts and cooked meat patties showed no interaction between the lipid source and the vitamin E level in the diet. Most chicken products were affected by the interactions of either lipid source or vitamin E level with storage time.
The lipid oxidation stability of fresh breast meat was not significantly (P > 0.05) affected by dietary fat and storage time (Figure 1 ), but an effect was observed by the interaction between vitamin E level and storage day. Meat samples from the low supplemented level showed higher (P < 0.05) MDA values than the ones from the high level starting at d 10 of storage (Figure 2) . In fresh thigh meat ( Figure 3 ) and skin (Figure 4) , regarding the supplementation level of vitamin E and storage time, higher MDA values were detected in samples from the low level compared with the other treatment, starting at d 10 of storage. With respect to the dietary lipid source and storage time, also in the SB oil treatment, the lipid oxidation developed significantly (P < 0.05) over time, starting at d 10 of storage in thigh meat ( Figure 5 ) and skin ( Figure 6 ). The AV, LA, and PK treatments remained relatively stable during the 15 d of refrigerated storage.
In both breast ( Figure 7 ) and thigh ( Figure 8 ) cooked meat patties, the lipid oxidation developed more rapidly (P < 0.05) in samples from the low level of vitamin E than the high supplemented one, starting at d 1 of storage for breast meat and at cooking day for thigh meat, remaining through the 6 d of refrigerated storage. With respect to dietary lipid source and storage day, patties from the SB oil treatment were the most (P < 0.05) susceptible to develop lipid oxidation compared with the other treatments. In thigh meat (Figure 9 ), higher MDA values were quantified starting at cooking day. In breast meat patties, the SB oil treatment had higher (P < 0.05) MDA values than the other treatments, starting a d 1 of storage. The AV and LA treatments showed similar MDA values between the SB and PK treatments. The PK treatment showed the lowest MDA values starting at d 3 of refrigerated storage (Figure 10) .
DISCUSSION
The fatty acid composition of chicken muscle reflected those from the dietary oils, confirming that dietary fats influence the lipid composition of chicken muscle (Yua et al., 1991) . The SB and PK oil treatments increased the proportions of PUFA and SFA, respectively, whereas AV oil and LA induced higher deposition of MUFA than the other treatments. Palm kernel oil induced the deposition of lauric acid (C12:0) and increased the proportion of myristic fatty acid (C14:0), especially in thigh muscle. These changes in proportion of fatty acids resulted in the highest and lowest PUFA:SFA ratio in the SB and PK oil treatments, respectively, particularly in thigh muscle. In a similar study in broilers, Valencia et al. (1993) also reported that PK oil induced deposition of lauric fatty acid (C12:0), increased the proportion of SFA, and reduced MUFA and PUFA in muscle, compared with palm or poultry oil used as a lipid source in the diet. A similar effect from PK oil was reported in pigs as well (Teye et al., 2006) .
In fresh chicken parts, breast meat showed no lipid oxidation susceptibility associated with the different dietary fats during the entire storage time; however, the supranutritional level of vitamin E lowered MDA values over storage time, showing a higher antioxidant activity. Fresh thigh meat and skin were susceptible to lipid oxidation over storage time, particularly in samples from chickens fed with SB oil and those containing the low vitamin E level in the diet. These observations indicate that fresh thigh meat and chicken skin are prompt to develop lipid oxidation over storage time and to prevent lipid spoilage, a higher supplementation level of vitamin E than commercial levels used should be considered. A review by Barroeta (2007) reported that chicken meat with a high proportion of PUFA may exhibit loss of nutritional value and reduced shelf-life due to the degradation of unsaturated fatty acids and mentioned that to prevent this from happening, the supplementation level of vitamin E should be adjusted according to the amount of PUFA included in the diet.
It should be taken into account that when feeding broilers with unsaturated sources of fatty acids, such as SB oil, the meat and skin have higher pressure to maintain their lipid oxidation stability over storage time. Igene and Pearson (1979) reported earlier that increased amounts of unsaturated fatty acids in muscle cell membranes increased the susceptibility to develop lipid peroxidation in the meat. Asghar et al. (1988) observed that the inclusion of linseed oil in broilers' diets increased the amount of unsaturated fatty acids in the muscle microsomal fraction and increased the lipid oxidation development when compared with coconut and olive oil. Additionally, Lauridsen et al. (1997) reported that chicken muscle mitochondria and microsome fractions were more susceptible to lipid oxidation, showing higher MDA values with olive oil samples as compared with beef tallow. These observations could be explained by the higher susceptibility to lipid oxidation as the amount of double bonds increase in the fatty acid. Morrissey et al. (1998) estimated that the oxidation rate of fatty acids containing 1, 2, 3, 4, 5, or 6 double bonds developed 0.025, 1, 2, 4, 6, and 8 times faster, respectively. Wood et al. (2003) indicated that muscle tissue with 3% linolenic fatty acid (C18:3) is determinant to cause negative effects on the lipid oxidation stability of the meat. In the present study, breast muscle from the SB oil had 2.0% linolenic fatty acid, which was 2.7-, 3.0-, and 2.9-folds higher than the AV, LA, and PK oil treatments, respectively. In thigh muscle, similar differences in the amount of linolenic fatty acid between oil treatments were observed as well.
In cooked chicken patties, for both breast and thigh samples, as expected there was a more rapid development of lipid oxidation than in fresh parts. This indicates that meat processing steps such as grinding and cooking favor the conditions for development of lipid oxidation, as previously reported by Rhee et al. (1996) . Meat patties from the SB oil treatment and the ones from the low dietary level of vitamin E showed the highest MDA values, indicating a faster lipid oxidation development. These results indicate that in cooked chicken meat the deposition of a higher proportion of unsaturated fatty acids reduces the lipid oxidation stability, particularly when relatively low levels of vitamin E are supplemented in the diet. These results are in agreement with those reported by Cortinas et al. (2005) , who observed that as the amount of PUFA and vitamin E level increased in the diet, higher and lower lipid oxidation development, respectively, was detected in cooked than raw chicken meat. The degradation of total lipids and unsaturated fatty acids has been shown to play an important role in the development of lipid oxidation and warmed-over flavors of poultry meat, after cooking and storage time (Igene and Pearson, 1979) . The action of oxidizing agents such as heat, oxygen, and inorganic iron (nonheme) has been shown to accelerate the peroxidation of unsaturated fatty acids in muscle foods, with the consequent spoilage of the meat (Igene et al., 1985; Kanner et al., 1988a,b; Rhee et al., 1996) .
Dietary supplementation of vitamin E has been used to maintain health status in broilers as well as for its antioxidant activity that inhibits lipid oxidation development in muscle foods. In raw chicken meat, Jensen et al. (1995) indicated that supplementation with 100 mg/ kg of vitamin E provided minor benefits for the oxidative stability of breast and thigh meat because during 8 d of storage no lipid oxidation development was detected. On the other hand, Lauridsen et al. (1997) reported that 200 mg/kg of vitamin E in the diet was more effective at stabilizing the lipid integrity of breast and thigh muscle mitochondria and microsomes than 20 mg/kg, as shown by lower MDA values.
The antioxidant activity of vitamin E depends on the amount of α-tocopherol deposited in the cell membranes, where it functions as a free-radical scavenger inhibiting the propagation of the lipid oxidation chain reaction (Asghar et al., 1988) . In poultry, the amount of α-tocopherol deposited in the muscle cell membranes is directly related to the amount of vitamin E included in the diet and the length of the feeding period (Sheehy et al., 1991) . It has been indicated that in broilers approximately 200 mg/kg of α-tocopheryl acetate during at least 24 d (Sheehy et al., 1991) or 4 wk of a feeding period is needed to reach muscle α-tocopherol plateau levels. This suggests that approximately 200 mg/kg of vitamin E in the diet may be needed to reach the highest antioxidant potential of vitamin E. This is in agreement with the statement that to stabilize the lipid oxidation development in cooked chicken meat, 200 mg/kg of vitamin E should be included in broilers' diets, particularly when the birds are fed with PUFA sources (Jensen et al., 1995; Galvin et al., 1998) .
In conclusion, the dietary lipid source influences the fatty acid composition of chicken muscle. Changes in the fatty acid composition of muscles affect the lipid oxidation stability of the meat over storage time in both fresh and cooked products. Inclusion of lipid source of unsaturated fatty acids, such as SB oil, increases the susceptibility to lipid oxidation in chicken meat and skin. Dietary supranutritional supplementation of vitamin E is more effective at maintaining lipid oxidation stability over storage time in both fresh and cooked meats than commercial levels used in feeding broilers by the poultry industry. Finally, cooked chicken meat is more susceptible to develop lipid oxidation than fresh meat.
